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AP-4 is a member of the family of heterotetrameric
adaptor protein (AP) complexes that mediate the sort-
ing of integral membrane proteins in post-Golgi com-
partments. This complex consists of four subunits (g,
B4, u4 and o4) and localizes to the cytoplasmic face of
the trans-Golgi network (TGN). Here, we show that
the recruitment of endogenous AP-4 to the TGN
in vivo is regulated by the small GTP-binding protein
ARF1. In addition, we demonstrate a direct inter-
action of the € and p4 subunits of AP-4 with ARF1. €
binds only to ARF1:GTP and requires residues in the
switch I and switch II regions of ARF1. In contrast, u4
binds equally well to the GTP- and GDP-bound forms
of ARF1 and is less dependent on switch I and switch
IT residues. These observations establish AP-4 as an
ARF1 effector and suggest a novel mode of interaction
between ARF1 and an AP complex involving both
constitutive and regulated interactions.

Keywords: AP complex/ARF protein/brefeldin A/direct
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Introduction

AP-4 is the most recently described member of a family of
adaptor protein (AP) complexes that also includes AP-1,
AP-2 and AP-3 (reviewed by Kirchhausen, 1999;
Robinson and Bonifacino, 2001). Like the other AP
complexes, AP-4 is composed of four subunits: €, B4, u4
and 64 (Dell’ Angelica et al., 1999; Hirst et al., 1999), of
which p4 recognizes YXX@-type tyrosine-based sorting
signals involved in post-Golgi sorting of transmembrane
proteins (Stephens and Banting, 1998; Hirst ef al., 1999;
Aguilar et al., 2001). To date, the existence of an AP-4
complex has only been demonstrated in mammalian cells
(Dell’ Angelica et al., 1999; Hirst et al., 1999), although
homologs of some AP-4 subunits have also been identified
in chicken (Wang and Kilimann, 1997), Dictyostelium
discoideum (de Chassey et al., 2001) and Arabidopsis
thaliana (reviewed by Boehm and Bonifacino, 2001). The
mammalian AP-4 complex is associated with the cyto-
plasmic face of the trans-Golgi network (TGN), most
likely as part of a non-clathrin coat (Dell’ Angelica et al.,
1999; Hirst et al., 1999). A cytosolic pool of AP-4 has also
been described (Dell’ Angelica et al., 1999), suggesting
that this complex might be capable of cycling between
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TGN membranes and the cytosol. The regulation of this
cycling, however, is poorly understood.

The recruitment of AP-1 and AP-3 to TGN and/or
endosomal membranes is controlled by members of the
ADP-ribosylation factor (ARF) family of guanine nucleo-
tide-binding proteins (reviewed by Moss and Vaughan,
1998; Donaldson and Jackson, 2000). There are five
human ARF proteins that are divided into three classes
based on their degree of homology: class I (ARF1 and
ARF3), class IT (ARF4 and ARFS5) and class III (ARF6)
(Moss and Vaughan, 1998). Class I and class II ARFs
appear to be the most active for AP-1 and AP-3
recruitment to membranes (Liang and Kornfeld, 1997;
Ooi et al., 1998; Zhu et al., 1998; Drake et al., 2000).
ARFs themselves also cycle between membranes and the
cytosol in a process that is in turn regulated by guanine
nucleotide exchange factors (GEFs) and GTPase activat-
ing proteins (GAPs). Exchange of GTP for GDP causes
conformational changes on ARFs that are most pro-
nounced in the effector-binding switch I and switch II
regions (Goldberg, 1998; Roth, 1999; Menetrey et al.,
2000; Pasqualato et al., 2001). In addition, nucleotide
exchange results in the exposure of a myristoylated,
amphipathic o-helix at the N-terminus of ARFs, which
mediates stable association with membranes (Randazzo
et al., 1995; Antonny et al., 1997). These changes thus
allow for the ARF-GTP-dependent recruitment of AP-1
and AP-3 to membranes. ARFs also regulate the mem-
brane association and/or activation of other coat proteins
such as COPI (Donaldson et al., 1992; Palmer et al., 1993;
Zhao et al., 1997) and the GGAs (Boman et al., 2000;
Dell’ Angelica et al., 2000; Puertollano et al., 2001;
Zhdankina et al., 2001), lipid-modifying enzymes such
as phospholipase D1 (Brown et al., 1993; Cockcroft
et al., 1994; Kim et al., 1998) and phosphatidylinositol
4-phosphate 5-kinase (Honda et al., 1999; Jones et al.,
2000), and several other effectors of unknown function
including Arfaptin 1 (Kanoh et al., 1997), Arfaptin 2/
POR1 (Van Aelst et al., 1996), MKLP1 (Boman et al.,
1999), Arfophilin (Shin et al., 1999) and LTA (Stevens
et al., 1999). AP-2 is the exception among AP complexes
characterized to date in that its association with mem-
branes is not regulated by ARFs (Robinson and Kreis,
1992). Rather, the transmembrane protein synaptotagmin
appears to interact with AP-2 to facilitate the nucleation of
endocytic clathrin-coated pits at the plasma membrane
(J.Z.Zhang et al., 1994; Haucke and De Camilli, 1999;
Haucke et al., 2000; reviewed by Kirchhausen, 1999;
Slepnev and De Camilli, 2000). Thus far, it remains to be
determined whether AP-4 is subject to regulation by ARFs.

In the present study, we show that the association of
AP-4 with the TGN in vivo is indeed dependent on class I
ARFs, more specifically ARF1. Moreover, we demon-
strate the occurrence of direct interactions between the €
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and u4 subunits of AP-4 and ARFl. We map the
interacting regions on the AP-4 subunits to the trunk
region of € and the signal-binding domain of p4. The
interaction between € adaptin and ARF1 is dependent on
the nucleotide status and involves the switch I and switch
I regions of ARF1. The interaction of u4 with ARF1, on
the other hand, is nucleotide independent and less sensitive
to mutations in both switch regions. These results suggest
a model in which AP-4 and ARF1 form a low-affinity
complex in the absence of GTP that is mediated by the u4
subunit. Upon exchange of GTP for GDP on ARF1, AP-4
binds to the switch regions of ARF1 via its € subunit,
leading to the formation of a high-affinity complex
between AP-4 and ARF1.

Results

Characterization of a new antibody to the o4
subunit of AP-4

Since the available antibodies to AP-4 were not very
sensitive for detection of the endogenous AP-4 complex,
we prepared another antibody to recombinant 4. To this
end, the cDNA for 64 was cloned into the expression
vector pET28a-His o, and His;g-64 was expressed in
Escherichia coli. The purified protein was injected into
rabbits and the sera purified over protein A—Sepharose.
The affinity-purified antibody was then tested for speci-
ficity in immunoprecipitation—recapture experiments in
which native immunoprecipitation using the anti-c4
antibody was followed by a denaturing recapture step
(Bonifacino and Dell’ Angelica, 1998) (Figure 1A). The
antibody specifically recognized 64 both as part of the
AP-4 complex and in its denatured form, as shown by the
ability to recapture 4, € and B4 from the initial anti-c4
immunoprecipitate (Figure 1A). Immunoprecipitation—
recapture analysis also showed that the antibody to ¢4
did not recognize the related 61 and 63 subunits of AP-1
and AP-3, respectively, in their native or denatured state
(Figure 1B).

We then investigated the potential of the antibody for
use in immunofluorescence microscopy. The anti-c4
antibody showed specific staining of the Golgi complex
that co-localized with the Golgi markers TGN46
(Figure 1C-E) and GM130 (Figure 1F-H), and could be
competed by excess recombinant ¢4 protein (data not
shown).

The membrane localization of AP-4 is sensitive to
brefeldin A

Dell’ Angelica et al. (1999) and Hirst et al. (1999) had
previously shown that the association of AP-4 with the
TGN is sensitive to the fungal metabolite brefeldin A
(BFA) that works by inactivating ARF-GEFs (Donaldson
et al., 1992; Helms and Rothman, 1992; Peyroche et al.,
1999). In agreement with these observations, treatment of
HeLa cells with 5 pg/ml BFA for 10 min caused
redistribution of AP-4 from the TGN to the cytosol
(Figure 2G-I). The kinetics of AP-4 redistribution were
slower than those observed for AP-1 in control experi-
ments (Figure 2A—F). The distribution of the Golgi marker
protein GM130 appeared more fragmented in the BFA-
treated cells (Figure 2J-L), but, unlike AP-4, it was still
mostly juxtanuclear. After removal of the drug and
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continued incubation at 37°C for 3 h, AP-4 was recruited
back to the TGN (data not shown), thus demonstrating
the reversibility of the BFA effects. These observations
pointed to a possible regulation of AP-4 by ARFs. To
further investigate this, we examined AP-4 dissociation by
BFA in cells transiently over-expressing the constitutively
activated ARF1-Q71L mutant, which fails to hydrolyze
GTP to GDP (Dascher and Balch, 1994; Teal et al., 1994,
C.J.Zhang et al., 1994). We observed that in cells over-
expressing ARF1-Q71L, the AP-4 complex remained
associated with the TGN even after incubation for 20 min
with BFA (Figure 2M-0). The protection of AP-4 from
the effects of BFA by the ARF1-Q71L mutant thus
provided additional evidence for the regulation of AP-4
by ARFs.

ARF1 is particularly active in the regulation of
AP-4 association with the TGN

To compare the activity of different ARFs in the regulation
of AP-4, we examined the effects of transiently over-
expressing dominant-negative mutants of ARF1, ARF3,
ARF4, ARF5 and ARF6 on the localization of AP-4. These
mutants render the endogenous ARFs inactive, presum-
ably by binding to and sequestering ARF-GEFs (Dascher
and Balch, 1994; Peters et al., 1995). All constructs were
expressed at similar levels, as assessed by immunoblotting
on lysates of transfected cells (Figure 3A). We observed
that the ARFI-T31N (Figure 3B-D) mutant caused
redistribution of AP-4 to the cytosol, similarly to BFA.
This was also observed for ARF3-T31N (Figure 3E-G),
but only in a small subset of cells that were expressing
very high levels of this construct. The ARF4-T31N
(Figure 3H-J), ARF5-T31N (Figure 3K-M) and ARF6-
T27N (Figure 3N-P) mutants, on the other hand, had no
effect. Hence, the localization of AP-4 to the TGN appears
to be mainly regulated by ARF1 and, to a lesser extent,
ARF3. Class II and IIT ARFs appear to have no influence
on recruitment of AP-4 to the TGN.

Effect on AP-4 localization of the over-expression
of an ARF-GAP and an ARF effector domain

If the GTP-bound forms of ARF1 and ARF3 are required
for the localization of AP-4 to the TGN membrane, then an
increase in the rate of GTP hydrolysis induced by transient
over-expression of an ARF-GAP should result in dis-
sociation of AP-4 from the membrane, as has been shown
for COPI (Aoe et al., 1997) and AP-3 (Ooi et al., 1998).
Indeed, cells over-expressing ARFI1-GAP (Cukierman
et al., 1995) displayed redistribution of AP-4 to the
cytosol (Figure 4A-C). In addition, the localization of
AP-4 to the TGN could be abrogated by transient over-
expression of the VHS-GAT domains of human GGAL, a
well-characterized ARF effector (Figure 4D-F). Since the
GAT domain of the GGAs has been shown to bind directly
to ARF1 and ARF3 (Boman et al., 2000; Dell’ Angelica
et al., 2000; Puertollano et al., 2001), this observation
suggested that AP-4 and the GGAs could be competing for
interaction with the same effector-binding site on ARFs.

ARF1 binds directly to the &€ and u4 subunits

of AP-4

Two possible, although not mutually exclusive, mechan-
isms could explain the regulation of AP-4 by ARFI. First,
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Fig. 1. The new anti-64 antibody specifically recognizes AP-4 in immunoprecipitation and immunofluorescence experiments and does not crossreact
with 61 or 63. (A) Native immunoprecipitation (Immunopr.) of AP-4 by the anti-64 antibody followed by denaturing recapture using pre-immune
serum (PI), the anti-64 antibody or previously described anti-€ and anti-f4 antibodies. (B) Native immunoprecipitation (Immunopr.) of AP-1, AP-3
and AP-4 using anti-c1, anti-63 and anti-64 antibodies, respectively, followed by denaturing recapture using the anti-G1, anti-63 or anti-c4 antibody.
(C-H) HeLa cells were grown in DMEM, 10% fetal calf serum (FCS) and fixed with 2% H,CO-PBS. Cells were labeled with rabbit anti-c4 (D and
F), sheep anti-TGN46 (C) or mouse anti-GM130 (G), followed by Cy3-conjugated anti-sheep Ig (C), Alexa 488-conjugated anti-rabbit Ig (D),
Cy3-conjugated anti-rabbit Ig (F) and Alexa 488-conjugated anti-mouse Ig (G). Bar (C-H), 5 um.

ARF1 could act indirectly by affecting enzymes that
control the lipid composition of membranes or by
activation of a potential AP-4 docking protein. Secondly,
ARF1 could interact directly with AP-4 at the TGN
membrane. To investigate the possibility that AP-4
subunits interact directly with ARFs, we used the
yeast two-hybrid system. We observed an interaction
between the € subunit of AP-4 and ARFI1-Q71L but

not ARFI1-T3IN (Figure 5A), consistent with GTP-
dependent binding to ARF1. Under these conditions, no
interactions between the ARF1 mutants and other AP-4
subunits could be detected. The interaction of ARF1-Q71L
with € was much weaker than that seen with GGA3
(Figure 5A).

Recently, Eugster et al. (2000) reported that the
sensitivity of the interaction between yeast ARF1 and
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Fig. 2. BFA redistributes AP-4 to the cytosol. ARF1-Q71L expression attenuates the BFA-induced effect. (A-L) HeLa cells were grown in DMEM,
10% FCS, and BFA was added to a final concentration of 5 pg/ml. Cells were fixed with 2% H,CO-PBS immediately (A—C), after 2 min (D-F) or
after 10 min (G-L) of incubation at 37°C. Cells were stained with mouse anti-y primary, Alexa 568-conjugated anti-mouse secondary antibody (A, D
and G), rabbit anti-c4 primary, Alexa 488-conjugated anti-rabbit secondary antibody (B, E and H), rabbit anti-64 primary, Cy3-conjugated anti-rabbit
secondary antibody (J) or mouse anti-GM130 primary, Alexa 488-conjugated anti-mouse secondary antibody (K). (M—O) HeLa cells were transiently
transfected with pXS-ARF1-Q71L-HA and after a 24 h incubation, BFA (5 pg/ml) was added to the cells. After 20 min, cells were fixed and stained
using the anti-64 antibody (Cy3) for AP-4 and an anti-HA antibody (Alexa 488) for ARF1-Q71L. (M) and (N) Transfected cells are indicated by
arrows. Bar, 5 um.

various subunits of the COPI complex could be increased exchange-factor assays (Paris et al., 1997); it interacted
by removal of the 17 N-terminal residues of ARF1. The with COPI in vitro and competed with full-length
resulting ARF1A17 protein was soluble and fully active in myristoylated ARF1 for COPI recruitment to membranes
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Fig. 3. Class I ARF proteins specifically affect the AP-4 TGN localization. HeLa cells were transiently transfected with pXS-ARF1-T3IN-HA (B-D),
pXS-ARF3-T31N-HA (E-G), pXS-ARF4-T31N-HA (H-J), pXS-ARF5-T31N-HA (K-M) or pXS-ARF6-T27N-HA (N-P) and incubated for 24 h.
(A) Post-nuclear supernatants were prepared and immunoblotting was performed using an anti-HA antibody. (B—P) After 24 h, cells were fixed and
double labeled for immunofluorescence microscopy using the anti-o4 antibody (Cy3) for (B), (E), (H), (K) and (N) and an anti-HA (Alexa 488)
antibody for (C), (F), (I), (L) and (O) to detect AP-4 localization and ARF expression, respectively. Transfected cells are indicated by arrows.

Bar (B-P), 5 um.

(Goldberg, 1999). Indeed, we found that a truncated
ARF1A17-Q71L interacted more strongly with the €
subunit relative to full-length ARFI in our two-hybrid
assays (Figure 5A). We also observed an interaction
between ARF1A17-Q71L and p4, but not with 64 or 34,
which was undetectable with the full-length ARF1-Q71L
protein (Figure 5A).

ARF1 interacts specifically with the trunk

domain of ¢

To identify the regions of € involved in interactions with
ARF1, we conducted a deletion analysis, the results of
which are summarized in Figure 5B. The large adaptins of
the y/0/d/e and B families contain three functional regions
named ‘trunk’, ‘hinge’ and ‘ear’. The trunk comprises the
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GGA1 VHS-GAT| F

Fig. 4. AP-4 localization is affected by the expression of ARFI1-GAP and GGA1 VHS-GAT. HelLa cells were transiently transfected with an ARF1-
GAP expression plasmid (A—C) or a GGA1 YFP-VHS-GAT expression plasmid (D-F). After 24 h cells were fixed and stained using the anti-c4 [Cy3
(A and D)] and anti-Hisg antibodies [Alexa 488 (B)]. Transfected cells are indicated by arrows. Bars, 5 um.

500-600 N-terminal residues. In the y/0/d/e adaptins, this
region is involved in binding to both the ¢ and the B
adaptins (reviewed by Boehm and Bonifacino, 2001), as
well as specific targeting of AP-1 and AP-2 to the TGN
and the plasma membrane, respectively (Page and
Robinson, 1995). The hinge region of B1, B2, 3 and vy is
involved in binding to clathrin (reviewed by Kirchhausen,
2000). The ear region comprises the 150-300 C-terminal
amino acids and binds to accessory proteins (Owen et al.,
1999, 2000; Hirst et al., 2000; reviewed by Slepnev and De
Camilli, 2000).

We found that two-thirds of the N-terminus of €
(residues 1-727), encompassing the entire trunk plus a
portion of the hinge (Boehm and Bonifacino, 2001),
was sufficient for interaction with ARFI1A17-Q71L
(Figure 5A), whereas the C-terminal ear domain of €
(residues 727—-1135) did not interact with ARF1A17-Q71L
(Figure 5A). These two-hybrid results were corroborated
by binding assays using in vitro translated proteins.
ARF1A17-Q71L-myc but not ARFIA17-T31N-myc was
found to co-precipitate with €,_7,7 (Figure 5C). In contrast,
€727-1135, comprising the complementary part of the hinge
plus the ear, did not co-precipitate with the ARF1A17-
Q71L-myc mutant (Figure 5C). Further truncation analy-
ses revealed that a fragment of € encompassing residues
1-138 was incapable of binding to ARFI1A17-Q71L,
whereas a longer fragment comprising residues 1-260
retained the ARF binding activity (Figure 5D). Func-
tionality of the €,_133 construct was demonstrated by its
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interaction with 64 adaptin (Figure 5D). Thus, the segment
of the € trunk, spanning residues 139-260, contains a
determinant necessary for interactions with ARF1.

The ¢ subunit interacts with the switch | and
switch Il regions of ARF1

The most prominent structural changes upon GTP for GDP
exchange on ARF1 take place in the switch I and switch II
regions (Goldberg, 1998). These regions have been shown
to be the main sites of interaction with effector molecules.
ARF1 constructs with mutations in these regions, includ-
ing ARFI1-149T (switch I), ARF1-F51Y (switch I) and
ARF1-Y81H (switch II) are unable to interact with
effectors (Kuai et al., 2000; Puertollano et al., 2001).
We observed that placement of additional 149T, F51Y or
Y81H mutations in the ARF1A17-Q71L protein abolished
the interaction with both full-length € and €,_7,; in
two-hybrid experiments (Figure 6A). Similarly, in vitro
translated €;_7,7 failed to interact with in vitro trans-
lated ARF1A17-Q71L-149T or ARF1A17-Q71L-Y81H
(Figure 6B). €, therefore, behaves as a true ARF]1 effector,
since the interaction is sensitive to the nucleotide status
and involves the switch regions of ARFI.

ARF1 binds to the C-terminal signal-binding
domain of u4

Upon truncation of 17 N-terminal residues from ARFI-
Q71L, we observed that it could also interact with the p4
subunit of AP-4 (Figure 5A). Similarly to the homologous



E

ARF1A17-Q71L
ARF1-Q71L
ARF1-T31N
ARF1A17-Q71L

4
~
q
L
(v o
<

ARF1-T31N

E707-1135
€727
Ey.5a5
£4.260
£1.138
ud

U4, 153
H4g,.453

c -
—
i
FGE
M~ 5 ™
g = &
£ 3k
R
L [
c <
< + «
+ 8 +
Nog R
w6 o
—

einput = -

-
ARF1 input " SSam.

Fig. 5. Interaction analyses between ARF1 and AP-4 subunits and truncation

AP-4-ARF interactions

Interaction

Residue No. with ARF1
s A s e 1 P s R i
[ NTREN Hinge NEGN]  +
. -
(I | +
m ] +
(. +
E- -
== #
:l] -
[ —] +

B trunk domain

B ear domain

O g adaptin binding domain
@ signal binding domain

D

- -
o (=]
= =
-4 A a A
E ~ I~
§8 39
~ = Mo~
- - - -
= o < =
- = -
EE, k&

= o

g g £ g I o

€138

é’n
&

€

E727-1135

-His +His
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transfected with constructs expressing the indicated proteins and co-transformants were spotted on plates with (right) or without (left) histidine.

Interaction of proteins was assessed by growth on the plate lacking histidine.

(B) Bar diagram summarizing the results depicted in (A), (D) and

Figure 6A. (C) In vitro transcribed/translated 3°S-labeled € and ARF-myc constructs were mixed, incubated, and ARF-myc was immunoprecipitated
using an anti-myc antibody. Top, the co-precipitation of €;,_;,7 was detected by autoradiography. Middle and bottom, labeled € and ARF1 constructs,

respectively, which were used as input.

U2 subunit (Aguilar et al., 1997), this protein consists of
two structural domains (Aguilar ef al., 2001; reviewed by
Boehm and Bonifacino, 2001): an N-terminal domain that
interacts with the P4 subunit (R.C.Aguilar and J.S.
Bonifacino, unpublished observation) and a C-terminal
domain that binds a specific subset of tyrosine-based
sorting signals (Aguilar et al., 2001). We found that the
ability to bind ARFIA17-Q71L resided within the
C-terminal but not the N-terminal domain of up4
(Figure 6A). Placement of the I49T mutation into
ARF1A17-Q71L decreased the interaction while the

F51Y and Y81H mutations were without effect
(Figure 6A). This indicates that the requirements for p4
binding to ARF1 are different from those of € and that the
binding may be less sensitive to the state of activation of
ARF1. To test this, we used ARF1A17, which behaves as
an inactive GDP-bound protein in COPI-ARF1 two-
hybrid interaction studies (Eugster et al., 2000). In
agreement with the previous observation, U4 interacted
with ARF1A17 protein while € did not (Figure 6A).
Mutations of p4 residues potentially involved in recogni-
tion of tyrosine-based sorting signals, such as D190A and
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Fig. 6. Interaction analyses of € adaptin and u4 adaptin with switch mutants of ARF1. (A and C) HF7C yeast strain was transfected with constructs
expressing the indicated proteins and co-transformants were spotted on plates with (bottom) or without (top) histidine. Growth of colonies on the plate
lacking histidine indicates an interaction of the proteins. (B) In vifro transcribed/translated 3°S-labeled € and ARF-myc constructs were mixed,
incubated, and ARF-myc was immunoprecipitated using an anti-myc antibody. Top, the co-precipitation of €,_;,7 was detected by autoradiography.
Middle and bottom, labeled €;_7,7 and ARF1 constructs, respectively, which were used as input.

K438A (Aguilar et al., 1997, 2001; Owen and Evans,
1998), had no effect on interactions with ARF1
(Figure 6C), indicating that the process is not mediated
by a cryptic tyrosine-based sorting signal in ARF1.

Discussion

In this study, we present evidence that the association of
AP-4 with the TGN in vivo is regulated by the GTP/GDP
cycle of ARFI1. In addition, we show that the € and p4
subunits of AP-4 interact directly with ARF1 both in the
yeast two-hybrid system and in vitro. In the case of €, these
interactions occur with the GTP-bound form specifically
and involve the effector-binding switch I and switch II
regions of ARF1. Interactions with u4, on the other hand,
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are independent of the nucleotide status of ARFI1 and
largely insensitive to mutations in the switch regions.
These observations establish that AP-4 has the properties
of an ARF effector and suggest a novel feature of AP
complex—ARF interactions: the occurrence of GTP-inde-
pendent interactions with a medium subunit. The model in
Figure 7 depicts the bipartite interactions of AP-4 with
ARF1 observed in our study.

We have shown that expression of a constitutively
activated GTP-locked mutant of ARF1 suppresses the
BFA-induced dissociation of AP-4 from the TGN.
Moreover, expression of inactive GDP-locked ARF1
and, to a lesser extent, ARF3 (although not ARF4, ARF5
or ARF6) mutants causes dissociation of AP-4 from
the TGN. A similar effect is seen upon expression of an
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Fig. 7. Model for the interaction of AP-4 with ARF1 and a trans-
membrane cargo molecule bearing a YXX@-based tyrosine-based
sorting motif in its cytosolic tail.

ARF-GAP that inactivates endogenous ARFs by inducing
GTP hydrolysis. Finally, expression of an ARF-binding
fragment from an ARF effector, GGAIl, also causes
displacement of AP-4 from membranes, probably due to
saturation of all GTP-bound ARFs. All this evidence is
consistent with regulation of AP-4 recruitment to mem-
branes by ARF1 in vivo. In this regard, AP-4 behaves like
AP-1, AP-3, the GGAs and COPI, all of which are
regulated mainly by class I ARFs (Donaldson et al., 1992;
Robinson and Kreis, 1992; Palmer et al., 1993; Ooi et al.,
1998; Pavel et al., 1998; Zhu et al., 1998, 1999; Boman
et al., 2000; Dell’ Angelica et al., 2000; Drake et al., 2000).
As for other protein coats, the regulation of AP-4
localization by ARF1 could be indirect, for instance by
alteration of the lipid composition of the target mem-
branes. ARFs have in fact been shown to activate
phospholipase D1, which catalyzes the conversion of
phosphatidylcholine to phosphatidic acid (Brown et al.,
1993; Cockcroft et al., 1994; Kim et al., 1998) and
phosphatidylinositol 4-phosphate 5-kinase, which con-
verts phosphatidylinositol 4-phosphate to phosphatidyl-
inositol 4,5-bisphosphate (Honda et al., 1999; Jones et al.,
2000). These lipids could in turn promote association of
AP-4 and other protein coats with membranes, as has been
proposed previously for COPI (Fleischer et al., 1994;
Chaudhary et al., 1998). Also indirectly, ARFs could
function to activate a putative docking protein for AP-4.
Another possibility is that ARFs themselves act as
docking proteins (Zhao et al., 1997, 1999; Austin et al.,
2000; Boman et al., 2000; Dell’ Angelica et al., 2000;
Eugster et al., 2000; Hirst et al., 2000). In support of this
hypothesis, we find that ARF1 can interact with the € and
u4 subunits of AP-4 but not with B4 or 4. The AP-4
complex, therefore, behaves similarly to the coat com-
plexes AP-1 and COPI in that more than one subunit

AP-4-ARF interactions

interacts with ARF1. However, a more detailed investiga-
tion reveals mechanistic differences with respect to the
interacting subunits. The two large AP-1 subunits yand 1
(Austin et al., 2000) and the respective homologous COPI
subunits B-COP and y-COP (Zhao et al., 1997, 1999;
Eugster et al., 2000) mediate binding to the switch I (all of
the above) and switch IT (3-COP only) regions of ARFI. In
addition, the two-hybrid experiments revealed binding of
€-COP to ARF1 (Eugster et al., 2000). As the B4 chain of
AP-4 does not interact with ARF, AP-4 represents the first
case of a protein coat that binds without the involvement of
a [B-adaptin family protein. Instead, AP-4 employs its
medium chain p4 in the binding to ARF1, a feature that
has not been observed so far for the homologous subunits
from AP-1 and COPI, pl and 8-COP. While the dual
interaction between AP-4 and ARF1 is different to AP-1
and COPI in these respects, it is reminiscent of the mode of
synaptotagmin binding to AP-2. Synaptotagmin has been
shown to interact directly with the o and u2 subunits of
AP-2 (Haucke et al., 2000), which are homologous to the €
and U4 subunits, respectively, of AP-4. These interactions
are thought to play a role in the recruitment of AP-2 to
membranes (J.Z.Zhang et al., 1994; Haucke and De
Camilli, 1999; Haucke et al., 2000), which is apparently
not dependent on ARFs (Robinson and Kreis, 1992). No
data are available yet on the interactions of AP-3 subunits
with ARF1, and it will be interesting to see whether these
interactions are more similar to those of AP-1 or AP-4.

The mode of interaction between AP-4 € and ARF1 is
similar to that of other ARF effectors. Like GGA1, PORI1,
MKLP1 and LTA1 (Kuai and Kahn, 2000; Kuai et al.,
2000; Puertollano et al., 2001), AP-4 € interacts with the
GTP-bound but not the GDP-bound form of ARFI. In
addition, interactions with € involve residues in the
effector-binding switch I and switch II regions of ARFI1.
Molecular dissection of € revealed that the GTP-dependent
ARF1-binding activity resides within the trunk domain,
which by analogy with other AP complexes is expected to
be part of the AP-4 core. A construct comprising only part
of the hinge and the ear region of €, on the other hand,
failed to bind to ARF-GTP. A deletion analysis of the €
‘trunk’ domain revealed that 260 N-terminal residues of €
were still capable of interacting with ARF, while a shorter
construct comprising of 138 N-terminal residues was not.
This is in contrast to the o-adaptin—synaptotagmin inter-
action that involves residues near the N-terminus of o
(K55, K56 and K57; Haucke et al., 2000). This basic triad,
which is also responsible for the IP¢ binding activity of
o-adaptin (Gaidarov and Keen, 1999), is not conserved in
e-adaptin.

ARF1 also binds to p4, albeit weakly, as shown by
binding to ARF1A17-Q71L, but not full-length ARF1-
Q71L. The enhanced sensitivity of the truncated ARF1
might be due to its greater solubility. This finding is in
agreement with that of Eugster et al. (2000), who could
detect e-COPI-ARF1 interactions only upon truncation of
ARF]1. The interaction of u4 with ARF1 is independent of
the ARF1 GTP/GDP cycle and does not involve residues
F51 and Y81 located in the switch I and switch II regions,
respectively, of ARF1. This indicates that € and u4 bind to
different interfaces on the ARF1 molecule (Figure 7).
While this observation may seem surprising, it might be a
key element in ensuring specific recognition of ARF1 over
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other ARF proteins, and suggests that ARF—coat inter-
actions are more complex than previously thought. The
amino acid sequences of the ARF proteins are highly
conserved in the switch I and switch Il regions. In addition,
the structures of the switch regions of the activated forms
of ARF1 and ARF6 are virtually identical (Pasqualato
et al., 2001). Hence, the switch regions are discriminatory
in the inactive but not in the active state of ARF, and
contacts outside the switch regions could specify the
interaction between an AP complex and a particular ARF
protein. Precedent for amino acids outside the switch I and
switch II regions providing specificity for the interaction
between an effector and a small GTPase comes from
structural studies of the Rab3A—Rabphilin-3A complex.
Rabphilin-3A contacts Rab3A at two distinct areas: the
switch I and switch II regions, and another area known as
Rab complementarity-determining region (RabCDR). The
interaction between the effector and the RabCDR is
thought to ensure the specific recognition of a particular
Rab, while the interaction with the switch regions is
sensitive to the activation state of the Rab protein
(Ostermeier and Briinger, 1999). Hence, APs could have
evolved to establish this dual interaction by means of two
separate subunits; in the case of AP-4, € and u4 adaptin.
Perhaps initial membrane recruitment occurs by a mechan-
ism independent of ARF1-GTP and this initial interaction
is stabilized when ARF1 becomes activated.

We mapped the ARF interaction site to the signal-
binding domain of pu4. We ruled out the possibility that the
interaction between U4 and ARF1 was artificially induced
by the exposure of a cryptic tyrosine-based sorting signal
upon truncation of ARF1, by using two mutants of u4 that
are incapable of binding such motifs. Both mutants were
able to bind ARFI in ways similar to full-length pu4. The
location of the ARF1- and signal-binding sites within the
same domain of u4 may allow for an interplay between
membrane recruitment and cargo recognition of the AP-4
complex analogous to the enhanced membrane recruit-
ment of AP-2 in the presence of cargo molecules (Haucke
and De Camilli, 1999).

Materials and methods

DNA constructs

Constructs for two-hybrid and in vitro binding assays. The cDNA for the
€ subunit of AP-4 was obtained by RT-PCR using gene-specific primers
and total HeLa cell RNA. o4, B4 (Dell’ Angelica et al., 1999) and €
adaptin cDNAs were subcloned into pGADT7 and pGBT9 (64). pACTII-
u4, pACTII-u4D190A, pACTII-pu4K438A and the construct containing
the Lamp2 cytoplasmic tail fused to the Gal4-binding domain were
described previously (Aguilar et al., 2001). pACTII-p4;_;53 and pACTII-
4,71 _453 were obtained by PCR amplification of the respective fragment
and subcloning into pACTIL. pGADT7-¢, 7,7 was obtained by introduc-
ing a stop codon at position 728 of the € cDNA using the QuickChange
mutagenesis kit (Stratagene, La Jolla, CA), whereas pGADT7-¢;_345 and
PGADT7-£757_1135 were cloned by PCR amplification of the correspond-
ing € fragment and ligation with pGADT7. During the process of
preparing the pGADT7-¢ constructs, an Ndel-BamHI piece of pET28a
was used to replace the Ndel-BamHI sequence of pPGADT7. cDNAs for
ARF1-Q71L and ARFI-T31N as well as ARF1A17-Q71L and ARF1A17-
T3IN were cloned into pGBKT7. ARF1A17-Q71LI49T, ARF1A17-
Q71LF51H and ARF1A17-Q71LY81H were obtained by PCR mutagen-
esis of the respective full-length constructs (Puertollano et al., 2001) and
cloned into pGBKT7.

Constructs for immunofluorescence microscopy. pXS-ARF1-Q71L-HA,
pXS-ARF1-T31N-HA, pXS-ARF5-T31N-HA and pXS-ARF6-T27N-HA
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as well as ARFI1-GAP were as previously described (Ooi et al., 1998).
The GGA1 YFP-VHS-GAT construct was described by Dell’ Angelica
et al. (2000). pXS-ARF3-HA and pXS-ARF4-HA were a gift from
J.Donaldson (NIH, Bethesda, MD), and codons for amino acids T31 and
Q71 were converted into codons for N31 and L71, respectively, using the
QuickChange mutagenesis kit (Stratagene) on both constructs.

Antibodies

The construct pET28a-His|p-04 was obtained by cloning the coding
sequence of o4 into pET28a (Invitrogen, Carlsbad, CA) following the
procedure described for the generation of pET28a-His;o-U4156 435
(Aguilar et al., 2001). Escherichia coli BL21-DE3 was transformed
with pET28a-Hiso-04. Expression and purification of 64 were carried
out according to the manufacturer’s instructions using Ni-NTA agarose
resin (Qiagen, Valencia, CA). The recombinant protein was injected into
rabbits and production bleeds were tested for suitability in
immunoprecipitation—recapture and immunofluorescence experiments.
Rabbit anti-c1 antiserum was a kind gift from L.Traub (University of
Pittsburgh). For immunoprecipitation experiments we used rabbit
antibodies against ©3 (Dell’Angelica er al, 1997) and [4
(Dell’ Angelica et al., 1999). Sheep anti-TGN46 was obtained from
Serotec  (Oxford, UK), mouse monoclonal anti-GM130 from
Transduction Laboratories (http://www.bdbiosciences.com), mouse
monoclonal anti-y antibody (clone 100/3) from Sigma (St Louis, MO),
anti-Hisg monoclonal antibody from Novagen (Madison, WI), mono-
clonal anti-HA (HA.11) and monoclonal anti-myc (9E10) from Covance
Research Products (http://www.babco.com) and Alexa 488- and Cy3-
conjugated secondary antibodies from Jackson Immunoresearch (West
Grove, PA).

Immunoprecipitation

Immunoprecipitation was carried out as described (Bonifacino and
Dell’ Angelica, 1998). In brief, HeLa cells were metabolically labeled
overnight with Easytag™ expression protein labeling mix (DuPont NEN,
Boston, MA), harvested and lysed in non-denaturing lysis buffer. AP-1,
AP-3 and AP-4 were precipitated from the lysate by incubation with
anti-cl, anti-63 and anti-c4 antibody, respectively, bound to
protein A—Sepharose. The precipitate was denatured in elution buffer
and a second immunoprecipitation was performed with antibodies as
indicated in Figure 1. Samples were denatured in SDS sample buffer and
analyzed by SDS-PAGE followed by autoradiography.

Immunofluorescence microscopy

HeLa cells (American Type Culture Collection, Manassas, VA) were
trypsinized and plated on cover slips ~24 h before transfection. Cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin and
100 pg/ml streptomycin (Biofluids, Rockville, MD). Transfection with
expression constructs was carried out in 6-well plates (Costar, Corning,
NY) using Fugene-6 (Roche, Indianapolis, IN) according to the
manufacturer’s instructions. At 20-24 h after transfection, cells were
fixed in 2% formaldehyde—phosphate-buffered saline (PBS) for 10 min
followed by two washes with PBS. Fixed, permeabilized cells were
incubated for 1 h with primary antibody, washed with PBS for 10 min,
incubated for 30 min with secondary antibody, washed again in PBS for
10 min and mounted on slides using Fluoromount-G (Southern
Biotechnology Associates, Birmingham, AL).

BFA treatment

BFA (Epicentre Technologies, Madison, WI) at a concentration of
5 pg/ml in culture medium was added to HeLa cells on cover slips in
6-well plates. Cells were incubated at 37°C for the times indicated and
fixed as described above. For recovery experiments, HeLa cells were
incubated in BFA containing medium for 1 h at 37°C. Then, the medium
was removed, cells were washed with PBS twice and fresh, pre-warmed
medium was added. Cells were fixed at the indicated times.

Immunoblotting

Extracts of HeLa cells transiently transfected with ARF expression
constructs were prepared as follows. After harvesting, 10* transfected
cells were suspended in 1 ml of 25 mM Tris pH 7.5, 250 mM sucrose,
1 mM AEBSF, 10 pg/ml leupeptin, 5 pg/ml pepstatin and 100 pg/ml
aprotinin. The suspension was passed 30 times through a 25" gauge
needle and centrifuged twice at 325 g (4°C, 10 min) and twice at
100 000 g (4°C, 1 h). The supernatant (10 pul) was loaded onto an SDS gel
and, after electrophoresis, proteins were blotted onto PROTRAN®
nitrocellulose membrane (Schleicher & Schuell, Keene, NH). Proteins



were detected using a monoclonal anti-HA (HA.11) primary antibody and
a secondary sheep anti-mouse Ig conjugated to horseradish peroxidase
(Amersham Life Science).

Yeast two-hybrid assays

The Saccharomyces cerevisiae strain HF7c [MATa, ura3-52, HIS3-200,
lys2-801, ade2-101, trpl1-901, leu2-3,112, gal4-542, gal80-538,
LYS2::GAL1-HIS3, URA3::(GAL4 17mers);-CYCl-lacZ; Clontech,
Palo Alto, CA] was maintained on YPD agar plates. Transformation
was performed by the lithium acetate procedure as described in the
instructions for the MATCHMAKER two-hybrid kit (Clontech). For
colony growth assays, HF7c transformants were spotted on plates lacking
leucine, tryptophan and histidine and allowed to grow at 30°C, usually for
3—4 days.

In vitro binding studies

3S-labeled  myc-ARF1A17-Q71L, myc-ARF1A17-T3IN,  myc-
ARF1A17-Q71LI49T, myc-ARF1A17-Q71LY81H, HA-€, 7,7 and HA-
€727-1135 proteins were obtained from templates in pGBKT7 and
pGADT7, respectively, by in vitro transcription/translation using TNT
T7 quick coupled transcription/translation system (Promega, Madison,
WI) and Easytag™ expression protein labeling mix (DuPont NEN,
Boston, MA). After centrifugation (16 000 g, 5 min, 4°C) of the
transcription/translation reactions, equal volumes of € and ARF reaction
supernatant were mixed and incubated for 4 h at 4°C. Incubations were
diluted with 10 vols of 20 mM HEPES pH 7.4, 100 mM NacCl, 0.05%
(w/v) bovine serum albumin (BSA) and centrifuged (16 000 g, 15 min,
4°C). After pre-clearing, immunoprecipitation of samples was carried out
using anti-myc antibody (9E10) coupled to protein A—Sepharose for 3 h at
4°C. Beads were washed three times with ice-cold binding buffer with
BSA at 4°C, once with ice-cold binding buffer without BSA at 4°C,
boiled in Laemmli sample buffer and separated by SDS-PAGE. The SDS
gel was soaked in sodium salicylate and subjected to autoradiography.
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